







































EG  FOR  THE  SELECTIVE  OXIDATION  OF  OLE½NS  OR  #/  OXIDATION 
AT  LOW TEMPERATURES  	 3O FAR  RESEARCH  IN THIS ½ELD HAS 
FOCUSED  MAINLY  ON  GOLD  IN  THE  SHAPE  OF  NANOPARTICLES 
ON SUITABLE OXIDE SUPPORTS -ANY DIFFERENT SUPPORT MATERIALS 
HAVE BEEN TESTED  IN THIS WAY 4I/ PERHAPS BEING THE MOST 
INTENSIVELY  STUDIED  SO  FAR  	  4HE  MECHANISMS  LEADING 
TO  CATALYTIC  ACTIVITY  ARE  STILL  BEING  DEBATED  DUE  TO  THE 
COMPLEXITY  OF  PARTICLESUPPORT  INTERACTION  AND  REACTION 
PATHWAYS 3O FAR IT HAS BEEN SHOWN THAT PARTICLE SIZE SUPPORT 
MATERIAL  AND PARTICLESUPPORT  CONTACT  STRUCTURE PLAY MAJOR 
ROLES 	








)N  THE  PAST  UNSUPPORTED  GOLD  HAS  BEEN  STUDIED  AS 
A  CATALYTIC MATERIAL  ONLY  IN  A  FEW  CASES  	  ALTHOUGH  IT 
HOLDS OUT INTERESTING PROSPECTS FOR TECHNICAL APPLICATIONS AND 
FURTHERMORE MAY  LEAD  TO MORE  DETAILED  INSIGHTS  INTO  BASIC 
CATALYTIC  MECHANISMS  2ECENTLY  WE  DEMONSTRATED  THAT 
UNSUPPORTED  NANOPOROUS  GOLD  GENERATED  BY  LEACHING 
OF  !G!U  ALLOYS  EXHIBITS  SIGNI½CANT  CATALYTIC  ACTIVITY  WITH 
RESPECT TO #/ OXIDATION AT TEMPERATURES AS LOW AS # 	 
3INCE !G CANNOT BE COMPLETELY REMOVED FROM THE MATERIAL IT 
HAS  BEEN  SPECULATED  IN  THIS  STUDY  THAT  !G  RESIDUES 
AT  THE  SURFACE  OF  THE  NANOPOROUS  FOAM  ARE  INVOLVED  IN 
THE  CATALYTIC  CYCLE  )N  THE  FOLLOWING  WE  WILL  DESCRIBE  THIS 
WORK  AND  COMPARE  THE  RESULTS  TO  THE  ZEOLITEBASED  SYSTEM 
WHERE  THE  IN¾UENCE  OF  THE  !G  COULD  BE  INVESTIGATED  IN  A 
SYSTEMATIC MANNER 
'OLDLOADED  ZEOLITES  WERE  PREPARED  EVEN    YEARS 
AGO  	  )N  SPITE  OF  THEIR  PROMISING  CATALYTIC  PROPERTIES  IT 
TURNED OUT HOWEVER THAT IT IS DIF½CULT TO OBTAIN STABLE SYSTEMS 
WITH  RESPECT  TO  SINTERING  4HIS  PROBLEM  WAS  SOLVED  BY 
'UILLEMOT AND COWORKERS IN  WHO WERE ABLE TO PREPARE 




PARTICLES  INSIDE  THE  ZEOLITE  LATTICE  3INCE  THE  BIMETALLIC 
PARTICLES  WERE  PREPARED  BY  SUBSEQUENTLY  DOPING  THE  !U 
LOADED  SYSTEM  WITH  !G  SUCH  SYSTEMS  HAVE  PERMITTED  US 
TO DELIBERATELY VARY THE !G!U PARTICLE COMPOSITION 7HILE IT 
WILL  BE  SHOWN  THAT MONOMETALLIC GOLD  SHOWS ALREADY GOOD 
ACTIVITY  TOWARDS #/ OXIDATION EVEN AT  ROOM TEMPERATURE A 








THE  SOLUTION  HAD  BEEN  CAREFULLY  ADJUSTED  TO    BY  ADDING 
.A/(  4HE  GOLDLOADED  ZEOLITES  WERE  ½LTERED  WASHED  TO 
REMOVE  CHLORIDE  AND  ½NALLY  DRIED  AT  #  (OWEVER 
SUBSEQUENT CALCINATION AT HIGHER TEMPERATURES WAS NOT USED 
4HE  GOLD  CONTENT  OF  THE  CATALYSTS  WAS  CON½RMED  BY  !!3 
"ELOW WE DESIGNATE THE !ULOADED ZEOLITE SAMPLES AS !U9




WERE WASHED  TO  REMOVE  NITRATE  AND  SUBSEQUENTLY  DRIED  AT 
# "ELOW WE DESIGNATE !G!ULOADED ZEOLITE SAMPLES AS 
!G!U9 4HE SILVER CONTENT WAS VARIED BY THE CONCENTRATION OF 







!S  DISCUSSED  IN  THE  ³2ESULTS  AND  DISCUSSION´  SECTION  THE 
!U!G  LOADED ZEOLITES WERE CAREFULLY CHARACTERIZED BY 4%- 
USING A 4ECHNAI & 34 WITH A NOMINAL RESOLUTION OF NM IN 
34%-  MODE  (IGH  !NGLE  !NNULAR  $ARK  &IELD  3CANNING 
4RANSMISSION  %LECTRON  -ICROSCOPY  (!!$&34%-	  IN 
COMBINATION WITH %NERGY $ISPERSIVE 8RAY %$8	 MICROANALYSIS 







A  SILICONE  OIL  BATH  OR  COOLED  IN  A  .A#LWATER  ICE  BATH  AS 







  CONCENTRATED  NITRIC  ACID  	  "Y  COMPLEX  PROCESSES 
INVOLVING  LEACHING OF !G AND  LARGESCALE  REARRANGEMENTS OF 
THE  RESULTING VACANCIES AND !U ADATOMS  	 A  SPONGELIKE 
MORPHOLOGY  WAS  OBTAINED  WHICH  EXHIBITS  INTERCONNECTING 
LIGAMENTS  WITH  DIAMETERS  IN  THE  ORDER  OF  SEVERAL  TENS  OF 
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GRADUALLY  INCREASED  OVER  SEVERAL  HOURS  )T  IS  PROBABLE  THAT 
DURING THE ACTIVATION PERIOD CONTAMINANTS DERIVED FROM THE 
LEACHING  PROCESS  ARE  REMOVED  /NCE  ACTIVATED  AT  ELEVATED 
TEMPERATURES THE NANOPOROUS GOLD SAMPLES SHOW IMMEDIATE 
CATALYTIC  ACTIVITY  EVEN  AT  LOW  TEMPERATURES  	  &IGURE   
SHOWS  THE  DEPENDENCE  OF  THE  #/  CONCENTRATION  IN  THE 
REACTOR OUTLET ON THE #/ CONCENTRATION ADMITTED IN THE INLET 
FOR  TEMPERATURES  IN  THE  RANGE    TO  #  4HIS  RANGE  IS 
PARTICULARLY INTERESTING WITH RESPECT TO APPLICATIONS OF GOLD FOR 
LOWTEMPERATURE  CATALYSIS  &OR  UP  TO    #/  THE  #/  YIELD 
INDICATES TOTAL CONVERSION !T TEMPERATURES OF # AND ABOVE 











SILVER  ATOMS  LEFT  AFTER  THE  DEALLOYING  PROCESS  MAY  HAVE 
A  SIGNI½CANT  EFFECT  ON  THE  CATALYTIC  ACTIVITY  )N  FACT  XRAY 
PHOTOELECTRON SPECTROSCOPY 803	 REVEALS IN OUR STUDIES THAT 
THE  RESIDUAL  SILVER CONTENT  IS ENHANCED CLOSE  TO  THE SURFACE 
OF  THE  LIGAMENTS  TO  BETWEEN    AND    DEPENDING 
ON THE SAMPLE SEE &IGURE 	 !DDITIONALLY ONLY MINOR SURFACE 
CONTAMINATIONS  BY  CARBON  AND  OXYGEN  WERE  DETECTED 
PROBABLY DUE TO HYDROCARBON AND /(SPECIES THE SPECTRUM 











4HE  FRESHLY  PREPARED  !U  AND  !U!GLOADED  ZEOLITES  WERE 
CAREFULLY CHARACTERIZED BY 4%- 4HE IMAGES IN &IGURE A	 !U9	 
AND  B	  !G!U9	  REVEAL  THAT  IN  BOTH  CASES  PARTICLES  WITH  A 
DIAMETER OF  ABOUT  NM  FORM  &OR  THE BIMETALLIC  SYSTEM 
(!!$&34%- IMAGING IN COMBINATION WITH XRAY MICROANALYSIS 
OF  INDIVIDUAL  !U!G  NANOPARTICLES  PRESENTED  IN  &IGURE  C 
SHOWS NANOPARTICLES WITH A SLIGHTLY VARYING SILVER CONTENT BUT 
IN NO CASE DID WE OBSERVE PURE SILVER NANOPARTICLES 3INGLE $ 
PROJECTION  IMAGES  DO  NOT  ALLOW  TO  DIFFERENTIATE  BETWEEN 
METAL PARTICLES LOCATED ON THE OUTER SURFACE OF THE MATRIX AND 
THOSE  INCORPORATED  INSIDE  THE ZEOLITE CAGES 7E SOLVED THIS 





FOR  THE  NANOPOROUS  GOLD  SAMPLES  AND   M,MIN  FOR  THE 
ZEOLITE SAMPLES RESPECTIVELY .OTE THAT WITH THE NANOPOROUS 
GOLD SAMPLES IT COULD NOT BE AVOIDED THAT PART OF THE REACTANT 





















































$EPENDENCE  OF  THE  #/  CONCENTRATION  AT  THE  OUTLET  ON  THE  ADMITTED 
#/ CONCENTRATION  AT  THE  INLET  DASHED  LINE MARKS  TOTAL  CONVERSION	  FOR 
NANOPOROUS  GOLD  !T  TEMPERATURES  OF  #  AND  HIGHER  THE  CONVERSION 




FULL  $  REPRESENTATION  OF  THE  MATRIX  LOADED  WITH  CATALYST 
PARTICLES  /NLY  RECENTLY  THIS  TECHNIQUE  HAS  EMERGED  AS  A 
POWERFUL  TOOL  TO  STUDY  CATALYTIC  MATERIALS  AS  FOR  INSTANCE 
DEMONSTRATED  FOR  !G9  	  OR  IN  COMBINATION  WITH  XRAY 
MICROANALYSIS  FOR  BIMETALLIC  PARTICLES  IN  MESOPOROUS  SILICA 





CRYSTALLITE  CLEARLY  ESTABLISHING  THAT  SOME  PARTICLES  BLACK 
SPOTS	 ARE INCORPORATED IN THE ZEOLITE LATTICE 3INCE THEIR SIZES 




OF  PARTICLES  IN  OUR  EXPERIMENTS  ALTHOUGH  NO  REDUCTION 
STEP  WITH  FOR  EXAMPLE  HYDROGEN  WAS  EMPLOYED  )NSTEAD 



















THE  LIGANDS  OF  THE  PRECURSOR MAY  ACT  AS  A  REDUCING  AGENT 
UNDER THESE CONDITIONS 	 )N THE CASE OF SILVER THIS 






OTHER  METALLIC  PARTICLES  .I  0T  0D  2U	  )N  THESE  CASES  A 
CALCINATION STEP IN AIR AT ABOUT #	 WAS USED TO REMOVE 
THE  LIGANDS  	 $URING  THIS  PROCESS  THE METAL  CATIONS 




LOCAL  DESTRUCTION OF  THE  ZEOLITE  LATTICE  BY  PROTONS  RESULTING 
FROM THE REDUCTION STEP 	 &OR AN !U9 SYSTEM PREPARED 
FROM  A  DIFFERENT  !U  PRECURSOR  BY  AUTOREDUCTION  A  SIMILAR 

















	  "ASED  ON  THESE  ½NDINGS  THESE  AUTHORS  CAME  TO  THE 
CONCLUSION THAT METALLIC GOLD IS THE CATALYTICALLY ACTIVE SPECIES 
)T  IS  INTERESTING  TO  NOTE  THAT  THIS  INTERPRETATION  IS  IN  CLEAR 
CONTRAST TO THAT OF +ANG ET AL WHO ON THE BASIS OF THEIR WORK 
CLAIM IONIC GOLD TO BE THE ACTIVE SPECIES 	 "ASED ON THE 
SIMILARITIES  WITH  RESPECT  TO  THE  INITIAL  ACTIVITY  INCREASE  OUR 
RESULTS SUPPORT THE VIEW OF #HEN ET AL 3O IONIC SPECIES WHICH 
ARE  PROBABLY  PRESENT  AT  THE  BEGINNING  OF  OUR  CATALYTIC 
EXPERIMENTS SEEM TO BE INACTIVE UNDER THE REACTION CONDITIONS 
USED )NSTEAD THE FORMATION OF METALLIC GOLD PARTICLES APPEARS 
TO  BE  NECESSARY  )NTERESTINGLY  WE  DID  NOT  DETECT  SUCH 






TO    AT  !G	  AT  ROOM  TEMPERATURE  #OMPARED  TO  THE 
TURNOVER  OBTAINED  FOR  NANOPOROUS  GOLD  BLUE  DASHED  LINE	 
THE ACTIVITIES OF  THE ZEOLITES  SHOW  THE  SAME  TREND  IE  THE 
#/ CONCENTRATION CONTINUOUSLY INCREASES AS THE CONCENTRATION 
OF #/ ADMITTED INCREASES )N COMPARISON (ARUTA ET AL FOUND 
ALMOST  NO  DEPENDENCE  OF  THE  TURNOVER  FREQUENCY  ON  #/ 
CONCENTRATION  RANGE    ¯    VOL	  IN  THEIR  STUDIES  OF 
SUPPORTED !U PARTICLES AND CONCLUDED THAT THE #/ OXIDATION 
FOLLOWS A ,ANGMUIR(INSHELWOOD MECHANISM WITH THE SURFACE 
REACTION  BEING  THE  RATELIMITING  STEP  	  #ONSEQUENTLY 
OXYGEN AND #/ WOULD SATURATE THE CATALYST SURFACES AND THE 
KINETIC ORDER OF THE REACTION SHOULD BE ZERO )N OUR EXPERIMENTS 
FOR  BOTH  NANOPOROUS  GOLD  AND  ZEOLITES  HOWEVER  THE  #/ 
YIELD CLEARLY INCREASES WITH #/ CONCENTRATION INDICATING THAT 
THE #/ OXIDATION AT THE SURFACE IS LIKELY LIMITED BY GAS TRANSPORT 
AND  NOT  BY  SURFACE  REACTION  4HEREFORE  IN  THE  CASE  OF 
NANOPOROUS GOLD THE PORE SIZES SHOULD NOT BE TOO SMALL FOR A 





CONCENTRATION    TO 	  AT  THE  INLET  A	 !U9 AND !G!U9  !G!U 
WEIGHT RATIO   AT !G	 CATALYSTS AT ROOM TEMPERATURE 4HE RESULTS 
FOR NANOPOROUS GOLD ARE SHOWN FOR COMPARISON SEE TEXT FOR DETAILS	 B	 
"IMETALLIC  !G!U9	  ZEOLITE  AT  DIFFERENT  TEMPERATURES  #  #  AND 
#	 5P TO  #/ NEARLY TOTAL CONVERSION IS OBSERVED AND AT  #/ 
THE CONVERSION RATE IS ABOUT  FOR ALL TEMPERATURES



























































3IMILAR  TO  NANOPOROUS  GOLD  THE  ZEOLITE  CATALYSTS  DO 







  )T  SHOULD  BE  NOTED  HERE  THAT  THE  #/  YIELDS  FROM  THE 
ZEOLITE  CATALYSTS  AND  THOSE  OF  NANOPOROUS  GOLD  AT  ROOM 
TEMPERATURE ARE SHOWN TOGETHER IN &IGURE  A	 TO DEMONSTRATE 










"RIE¾Y  WE  DETECTED  NO  ACTIVITY  FOR  #/  OXIDATION  AT 
TEMPERATURES  BELOW  #  3O  WHILE  PURE  GOLD  LOADED 












!  REASONABLE  EXPLANATION  FOR  HOW  SILVER  PROMOTES  THE 
CATALYTIC ACTIVITY OF THE GOLD CATALYST IS THE SUPPLY OF SURFACE 
SITES  FOR  /  DISSOCIATION  	  WHILE  #/  ADSORBS  AT  LOW
COORDINATED GOLD  SITES  	 7ANG  ET  AL  SPECULATED  IN  THIS 
CONTEXT  THAT  MOLECULAR  OXYGEN  IS  ACTIVATED  BY  ELECTRON 
TRANSFER TO THE ANTIBONDING  ORBITALS AT SILVER SITES LEADING TO 
THE  FORMATION  OF  /  SPECIES  	  )N  THEIR  EXPERIMENTAL 
STUDIES  OF  THE  ACTIVITY  OF  -#-SUPPORTED  BIMETALLIC  !G!U 
PARTICLES  TOWARDS  #/  OXIDATION  AT  ROOM  TEMPERATURE  THEY 
ALSO ½ND A STRONG DEPENDENCE OF THE CATALYTIC ACTIVITY ON THE 
!G!U RATIO )N THEIR EXPERIMENTS HOWEVER THE PARTICLES WERE 
RELATIVELY  LARGE AS  COMPARED  TO OUR  CASE  AND  THEY ALLOWED 
ONLY  FOR   #/  ADMISSION  LEVELS 7HILE  OUR  ½NDINGS  ARE  IN 
GOOD  ACCORDANCE  WE  HAVE  EXPANDED  THE  RANGE  OF 






GOLD  AND  BIMETALLIC  !G!U  9ZEOLITES  IN  THE  TEMPERATURE 
RANGE   TO  #  WITH  RESPECT  TO  #/  OXIDATION  4HE 
DEPENDENCE OF THE ACTIVITY ON #/ ADMISSION CONCENTRATIONS 
AND  ON  TEMPERATURE  SHOWS  THE  SAME  TREND  IN  BOTH  CASES 











"Y  PERFORMING  A  $  34%-  TOMOGRAPHY  ANALYSIS  IT  WAS 
POSSIBLE  TO  PROVE  THAT  GOLD  AND  BIMETALLIC  GOLD  SILVER 
NANOPARTICLES  EVEN  LARGER  THAN  THE  CAGES  OF  THE  UNLOADED 
ZEOLITE  CAN  BE  INCORPORATED  IN  THE  ZEOLITE  LATTICE  WHICH 
INDICATES AN ENLARGEMENT OF THE CAGES INDUCED BY THE METAL 
LOADING PROCESSES 4HE EXPERIMENTS WITH BIMETALLIC !G!U 9 
ZEOLITES HAVE  REVEALED  THAT  THERE EXISTS AN OPTIMUM !G!U 
WEIGHT RATIO AROUND    CORRESPONDING TO  ATOM OF 
SILVER  #URRENT  INVESTIGATIONS  ARE  TAKING  PLACE  ON  THE 


















































AND  MECHANICALLY  STABLE  	  4HE  BIMETALLIC  ZEOLITE 
SYSTEMS ARE EASILY ACCESSIBLE AND COST EF½CIENT BECAUSE ONLY 
VERY  SMALL  AMOUNTS  OF  GOLD  ARE  NECESSARY DUE  TO  THE HIGH 
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